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The tobacco hornwormManduca sexta, like many holometabolous insects, makes two versions of its thoracic legs. The simple legs of the larva
are formed during embryogenesis, but then are transformed into the more complex adult legs at metamorphosis. To elucidate the molecular
patterning mechanism underlying this biphasic development, we examined the expression patterns of five genes known to be involved in
patterning the proximal–distal axis in insect legs. In the developing larval leg ofManduca, the early patterning genes Distal-less and Extradenticle
are already expressed in patterns comparable to the adult legs of other insects. In contrast, Bric-a-brac and dachshund are expressed in patterns
similar to transient patterns observed during early stages of leg development in Drosophila. During metamorphosis of the leg, the two genes
finally develop mature expression patterns. Our results are consistent with the hypothesis that the larval leg morphology is produced by a transient
arrest in the conserved adult leg patterning process in insects. In addition, we find that, during the adult leg development, some cells in the leg
express the patterning genes de novo suggesting that the remodeling of the leg involves changes in the patterning gene regulation.
© 2007 Elsevier Inc. All rights reserved.Keywords: Insect leg; Metamorphosis; PD patterning; ManducaIntroduction
Holometabolous insects comprise one of the most speciose
groups of animals on our planet. Their success is largely due to
their ability to produce disparate larval and adult forms highly
adapted to utilize distinct ecological niches. Larval forms are
produced during embryogenesis while the adult form is made
during metamorphosis. During the past few decades, molecular
mechanisms underlying patterning of various organs in insects
have been studied extensively in Drosophila and to a lesser
degree in a few other species. However, such studies rarely
focused on the morphological and molecular changes that allow
a given organ to function in both the larva and the adult
(Friedrich and Benzer, 2000; Liu and Friedrich, 2004; Prpic
et al., 2001). Consequently, how holometabolous insects utilize
molecular patterning mechanisms to produce stage-specific
organ forms remains poorly understood.⁎ Corresponding author. Section of Evolution and Ecology, University of
California-Davis, Davis, CA 95616, USA. Fax: +1 530 752 9014.
E-mail address: kohtanaka@ucdavis.edu (K. Tanaka).
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doi:10.1016/j.ydbio.2007.02.042In order to elucidate the molecular patterning system
underlying the generation of stage-specific organ forms, we
have investigated the development of the thoracic leg in the
tobacco hornworm Manduca sexta. The larval leg of Manduca
is produced during embryogenesis. This simple leg consists of
the five primary segments (coxa, trochanter, femur, tibia and
tarsus with a pretarsal claw) characteristic of all insect legs, but
it is only capable of grasping motions (Fig. 1A; Kent et al.,
1996). Metamorphosis of the leg, which begins during the last
larval instar, then transforms this structure into the form typical
of adult insects (Fig. 1B; Tanaka and Truman, 2005). The adult
leg is 7 times longer than the final instar larval leg, with each
segment undergoing differential growth. Most prominently, the
tarsal segment, which consisted of one segment in the larva, is
now divided into 5 subsegments (Fig. 1B). Additional structures
such as spurs develop on the tibia (Fig. 1B). Since the most
radical difference between the two legs inManduca is along the
proximal–distal axis (PD axis), we have examined how the
patterning of this axis differs during their development.
The molecular patterning mechanism of PD axis is well
understood in the leg imaginal disc of Drosophila (Kojima,
Fig. 1. Leg development in Manduca. (A) Leg of a 5th (final) instar larva. (B) The metathoracic (T3) leg of the adult. Two pairs of spurs are present on the tibia
(arrowheads) and the tarsus (Ta) is divided into 5 subsegments (Ta1–5). (C) Schematic summary of the morphogenesis of the T3 adult leg during the prepupal stage.
The adult primordia and the areas they give rise to are shown in colors and the larval regions are in gray. See text for details. In the early W+2 leg, the distal region
drawn with dashed line is an estimate as this part is covered by the larval cuticle at this stage. The larval region in the tibia (arrow) extends over the ventral disc in the
tibia. The latter shows signs of segmentation and will produce the adult tarsal segments (four arrowheads). In early W+3, the line indicates presumptive Ti/Ta border.
Two arrowheads point to the tibial spurs. W, wandering; Cx, coxa; Tr, trochanter; Fe, femur; Ti, tibia; Ta, tarsus; Cl, pretarsal claw.
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embryogenesis, a secreted signaling molecule of the TGF-beta
family, Decapentaplegic (Dpp), is produced in a dorsal stripe
and another signaling molecule of WNT family, Wingless (Wg),
in a ventral stripe just anterior to the anterior–posterior
compartment boundary. The cells in the presumptive tip of
the leg receive high concentration of the two signals and
activate the homeobox gene Distal-less (Dll), which specifies
the distal region of the adult leg (Fig. 2A top; Cohen, 1993). In
the future proximal region of the leg, where the levels of Dpp
and Wg are low, homothorax (hth) and teashirt (tsh) are
expressed (Fasano et al., 1991; Abu-Shaar and Mann, 1998; Wu
and Cohen, 1999). Hth binds to the ubiquitously expressed
homeodomain protein, Extradenticle (Exd), and transports it to
nucleus, where the three molecules act to specify the proximal
fate (Fig. 2A top; Rieckhof et al., 1997). In the second instar,
dachshund (dac), a gene encoding a novel nuclear protein, is
activated in the intermediate region of the disc by medium
levels of Dpp andWg (Fig. 2A top; Mardon et al., 1994). At this
stage, there is a mutual repression between hth and dac, tsh and
dac and Dll and dac, which creates non-overlapping expression
domains of these proteins along the PD axis (Fig. 2A top; Dong
et al., 2001; Kojima, 2004).
Beginning in the late 2nd instar, a set of genes that subdivides
the tarsal segment starts to be expressed within the Dll domain.
The first to be expressed is spineless (ss), a homolog of the
mammalian dioxin receptor, which is required for proper
development of the second to fourth tarsal segments (Ta2–
Ta4) (Duncan et al., 1998). In the early 3rd instar, ss expression
disappears and is replaced by expression of a BTB domain-
encoding genes, bric-a-brac 1 and 2 (hereafter referred to as
bab), which are also required for Ta2–Ta4 development (Fig.
2Amiddle; Godt et al., 1993; Couderc et al., 2002). At this stage,
dac represses bab expression setting the proximal border of the
bab domain (Chu et al., 2002). In the distal-most region, aris-
taless (al) is activated to specify the pretarsal claw (Fig. 2
middle; Campbell et al., 1993). After the early 3rd instar,
regulation of PD genes becomes independent of Wg and Dppsignaling. Removal of the functions of the two signaling
pathways at this stage no longer affects the PD patterning of the
leg because the PD genes now regulate themselves and other
genes downstream. In addition, the EGFR signaling starts to
regulate the patterning in the distal-most region (Galindo et al.,
2002; Campbell, 2002). In the late 3rd instar, the final expression
patterns of the PD genes are established (Fig. 2A bottom). There
are now substantial overlaps between the expression domains of
the PD genes. bab and dac are co-expressed in the presumptive
Ta1–3, whileDll and dac overlap in the distal tibia and proximal
tarsus (Chu et al., 2002). hth/tsh/nuclear Exd, Dll and dac share
expression domains in the distal trochanter and the proximal
border of the femur (Kojima, 2004). al and bab are now also
expressed in the proximal domains. Finally, bab expression
domain resolves into four stripes of strong expression in the
distal regions of Ta1–Ta4 flanked by areas of lower expression
(Godt et al., 1993; Couderc et al., 2002; Chu et al., 2002). This
modulation of bab expression is thought to be necessary for
proper formation of the tarsal joints (Chu et al., 2002).
Outside of Drosophila, the expression patterns of some of
these genes have been studied in developing embryonic legs in
several orders of hemimetabolous and holometabolous insects
that have more ancestral modes of leg development (see
Angelini and Kaufman, 2005 for a comprehensive review).
These include crickets, a grasshopper, a bug, a beetle and some
lepidopterans. In all species examined, the early PD genes, Dll,
dac, hth and nuclear Exd, are expressed in a similar pattern
suggesting conservation of their function (expression patterns
for crickets shown in Fig. 2B). Results from functional studies
using RNAi in Oncopeltus (Angelini and Kaufman, 2004) and a
mutant strain in Tribolium (Beermann et al., 2001) indicate that
the genes specify similar sets of leg segments as in the fly. In
Tribolium and Gryllus, al, a late PD gene, was expressed in
the tip of the leg as in Drosophila and an RNAi knockdown of
this gene in Tribolium resulted in loss of the claw (Miyawaki et
al., 2002; Beermann and Schroder, 2004). Another late gene,
bab, is expressed in a similar spatial and temporal pattern in
the developing cricket leg (Fig. 2B; Erezyilmaz et al., 2004).
Fig. 2. Molecular patterning of the PD axis in the legs of Drosophila and
crickets. In Drosophila (A), the earliest patterning events, namely, the activation
of Dll and nuclear Extradenticle (nExd), occur during embryogenesis (not
shown). The patterning resumes during the larval instars. In the early 3rd instar,
the leg disc has yet to achieve the final expression pattern of the PD genes. bab
is still expressed as a single band and its expression domain does not overlap
with that of dac. In the late 3rd instar the mature expression pattern is attained
(bottom). In crickets (B) (Gryllus bimaculatus and Acheta domestica), the entire
patterning process takes place during the embryogenesis. bab expression pattern
goes through a similar transition as the one observed in the fly (Erezyilmaz et al.,
2004). Based on the available data from the literature, an overlap between bab
and dac domain does not appear to be present, but it has not been determined
(question mark; Erezyilmaz et al., 2004; Inoue et al., 2002). bab expression
patterns are estimated from the expression pattern of bab protein product. Cx,
coxa; Tr, trochanter; Fe, femur; Ti, tibia; Ta, tarsus; Cl, ptretarsal claw.
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as their larvae have secondarily lost their thoracic legs. The
adult leg grows as an imaginal disc inside the larval body wall,
which everts during the prepupal period. The early phase of the
patterning process takes place during embryogenesis with the
specification of the proximal and distal halves of the leg disc.
However, it is not until after the 2nd instar that most of the
patterning takes place (Fig. 2A; Kojima, 2004). In hemimeta-
bolous insects, based on data from the two orthopterans and
Oncopeltus, it appears that the entire patterning process is
completed during embryogenesis (Fig. 2B), giving rise to the
adult-like leg of the hatchling. In less derived holometabolous
insects such as Manduca, we hypothesized that this patterning
cascade is initiated during embryogenesis, but is interrupted
before it reaches the final adult pattern of PD gene expression.This arrested expression pattern is then used to produce the simple
larval legs. During metamorphosis, the patterning process is
resumed to achieve the mature expression to pattern the leg of the
adult. In this study, we have tested this hypothesis by examining
the expression patterns of Dll, dac, exd, bab and al during the
larval and the adult leg development. Our results were consistent
with the idea that the arrested pattern of the PD gene expression
produces the larval leg. In addition, we find that, during the
remodeling of the leg, cells change expression of the PD genes as
their segmental position shifts. Our results will be discussed in
context of the homology between the larval and the adult leg
segments and the evolution of larval leg form in Holometabola.
Materials and methods
Experimental animals
Larvae of M. sexta (L) were raised in individual containers on an artificial
diet (Bell and Joachim, 1976) at 26 °C under a long-day photoperiod (17 h light
and 7 h dark). After they initiated wandering, larvae were placed in holes bored
in wooden blocks for pupation.
The developmental stages of animals were determined with reference to
developmental transitions. The day of ecdysis to the last larval instar was designated
V+0. A day after V+3, larvae began to wander (W+0). The wandering stage
lasted approximately 4 days after which the animals pupated (P+0).
The embryos were allowed to develop at 26 °C (17L:7D) and were staged
according to Broadie et al. (1991). Ages are given in percentage of overall
embryonic development (%E).
Cloning of Msdac
To clone M. sexta dachshund (Msdac), total RNA was extracted from
embryos with TriZol (Life Technologies, Grand Island, NY) according to the
manufacturer's instructions. cDNA was produced using SuperScript II Reverse
Transcriptase (Life Technologies, Carlsbad, CA). Using nested degenerate PCR,
Msdac was initially isolated in two overlapping fragments. To isolate the 3′
fragment, the outer primers dac-fw-1 and dac-bw-1 designed for Tribolium by
Prpic et al. (2001) were used followed by the inner primers dac-bw-2 (Prpic et al.,
2001) and lep5A (5′ACNCARTTYCCNGGNCAYCCNTTYAARAA3′). For the
5′ fragment, outer primers used were dac-fw-1 (Prpic et al., 2001) and lep3A (5′
TGNCCYTTDATDATNGANCCRTCNGG3′). The inner primers were dac-fw-2
(Prpic et al., 2001) and lep3B (5′CATNARNGCRTGYTGRTGCATRAANCC-
CAT3′). An 867 bp fragment spanning the two fragments above was obtained
with Msdac specific primers Dac5A (5′GCATCCTGCGCGGTTT-
GGGCGCCAT3′) and Dac3A (5′GCAGGCCTTGTATATTCCTGAG-
CAGGG3′). Manduca Dll clone was a generous gift from Dr. Richard Vogt
(Genbank accession number AY616435). The sequence forMsdacwas submitted
to Genbank under the accession number DQ985170.
Immunocytochemistry
The eggs were placed in bleach to soften the chorion and dissected in
Manduca saline (Riddiford et al., 1979). The embryos were fixed in 3.7%
formaldehyde in phosphate-buffered saline, pH 7.2 (PBS: 130 mM NaCl, 7 mM
Na2HPO4, 3 mM NaH2HPO4) for 30 min followed by rinses in PBS with 1%
Triton-X 100 (PBS–TX; Sigma, St. Louis, MO). For the larval and pupal stages,
the legs were dissected as described previously (Tanaka and Truman, 2005).
The tissues were blocked in 5% donkey serum in PBS–TX for 30 min,
followed by a rinse in PBS–TX. Antibody concentrations used were: anti-Bab2
1:1000–2000 (Couderc et al., 2002), anti-Al 1:1000 (Campbell et al., 1993) and
anti-Exd 1:20 (Aspland andWhite, 1997). Secondary antibodies were Alexa 488
(Molecular Probes, Eugene, OR) and Texas Red (Jackson Immunoresearch
Laboratories, West Grove, PA) used at 1:1000. After the final rinse, the tissues
were dehydrated through an ethanol series, cleared in xylene, and mounted in
DPX (Fluka, Buchs, Switzerland).
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Digoxigenin (DIG) probes were made using MaxiScript kit (Ambion,
Austin, TX). dac probes were hydrolyzed to optimal lengths by alkaline
hydrolysis for 40 min. Hydrolysis was not necessary for the Dll probe. The
dissection procedures were similar to above with few modifications. For the
embryos, the eggs were placed in 50% bleach, followed by rinses in PBS–TX
and distilled water, then fixed for 1 to 2 h on a shaker. Embryos were then
dissected in PBS and further fixed overnight at 4 °C (Kraft and Jackle, 1994).
For the larval and pupal legs, the initial dissection was carried out in Manduca
saline then fixed for 2 h. Further dissection was carried out in PBS followed by
an overnight fix at 4 °C. Tissues were then rinsed twice in 5% 0.5 M EGTA in
MeOH and stored at −20 °C. The in situ procedure was carried out according to
the modified protocol by Panganiban et al. (1995), which was based on Tautz
and Pfeifle (1989).
For simultaneous detection of protein and mRNA, the immunocytochem-
istry was first carried out as above using RNAse-free reagents followed by a
post-fix for 40 min. The tissues were then taken through an in situ hybridization
protocol. For fluorescent detection of the DIG probe, the tissues were incubated
with mouse anti-DIG antibody (Roche, Indianapolis, IN) followed by horse-
radish peroxidase conjugated anti-mouse antibody in Tyramide Signal
Amplification Kit (Molecular Probes, Eugene, OR). The rest of the fluorescent
detection was carried out according to the manufacturer's manual and Kosman
et al. (2004).
For in situ hybridization on sections, tissues were fixed overnight then
cryoprotected with a sucrose series (10%, 20% and 30% in PBS), embedded and
frozen in OCTembedding medium (Sakura, Torrance, CA). Sections were cut on
a Leica CM1850 cryostat (Leica, Wetzlar, Germany) and stored at −80 °C. For
hybridization, the sections were incubated in 2 μg/ml proteinase K in PBT for
15 min at 37 °C followed by a wash in 0.2% glycine in PBT in coplin jars. The
tissues were post-fixed for 20 min, rinsed in PBT and soaked in 1 M
triethanolamine (pH 8.0) for 2 min. Acetic anhydride was added to the final
concentration of 2.4 μl/ml and the tissues were incubated for 10 min on a slow
shaker. The slides were rinsed in 2× SSC and pre-hybridized in the hybridization
buffer for 1 h at 37 °C. Probeswere added to slides, coveredwith a wide coverslip
and incubated in a humid box at 55 °C for 24 h. Slides were washed in
the hybridization buffer, 2× SSC, 1× SSC and 0.1× SSC for 1 h at 55 °C
respectively. They were equilibrated in RNAse buffer (0.5 M NaCl, 1 mM Tris,
pH 8.0, 1 mMEDTA, pH 8.0) and incubated with 20 μg/ml RNAse A for 30 min
at 37 °C. After a rinse in PBT, the slides were blocked as above for 2 h at RT then
incubated with 1:1500 AP anti-DIG antibody under a coverslip for 2 h at RT or
overnight at 4 °C. The slides were washed 4 times in PBTover an hour followed
by the color reaction (Panganiban et al., 1995) under a coverslip.
Image collection and analysis
All fluorescent images were collected using confocal microscopy and
processed with the NIH Image program (http://rsb.info.nih.gov/nih-image) and
Adobe Photoshop (Adobe Systems Inc., San Jose, CA). To make Z-series
projections of the postembryonic legs, non-epidermal areas were removed from
each confocal section and then projected. The images for in situ hybridization
were collected on a light microscope. For the larval leg, images from several
focal planes were projected using Combine Z 5.2 (http://www.hadleyweb.pwp.
blueyonder.co.uk). To produce images of the whole leg, the individual pieces
were assembled into a montage using Photoshop.
Most of the legs and all the legs older than mid W+2 were from the
metathorax (T3) segment. The T3 leg has two pairs of spurs on the tibia, which
were convenient positional markers.
Results
Manduca leg development
During Manduca embryogenesis, the thoracic leg buds form
around 15% E (Broadie et al., 1991). Morphological segmenta-
tion occurs between 18% and 36% E except for the trochanter(Fig. 3M). Segmentation between the presumptive coxa and the
more distal segments and between tibia and tarsus appears first
followed by a demarcation between the femur and the tibia (Fig.
3M). The segmentation between the tibia and tarsus then
becomes inconspicuous until later embryonic stages. The
trochanter does not appear as a distinct segment until very late
in embryonic development. Morphogenesis of the claw begins
by 55% E. Since most of the segmentation of the leg is complete
by 36% E, stages later than 48% E were not included in this
study.
All the epidermal cells in the leg make the larval leg cuticle
during the subsequent larval stages. However, early in the last
larval instar (∼24 h after ecdysis), the “adult primordia” detach
from the cuticle and begin rapid proliferation. The adult
primordia are a subset of the epidermal cells that are located in
specific locations in the larval leg and give rise to most of the
adult leg epidermis (Fig. 1C, colored area; Tanaka and Truman,
2005). As the primordia grow, they invaginate to form discs
(Fig. 8; Miles and Booker, 1993; Tanaka and Truman, 2005;
Truman et al., 2006). Areas outside the adult leg primordia are
referred to as the larval regions (Fig. 1C, gray area). The larval
regions go through extensive cell death and only contribute two
small regions of the adult leg epidermis (Fig. 1C; Tanaka and
Truman, 2005).
Morphogenesis of the adult leg takes place through the
wandering (W) and prepupal stages, and by W+3 the leg has
attained an adult-like morphology (Figs. 1B, C). In the early
W+2 leg, the segmentation in the tarsus is visible (Fig. 1C,
arrowheads) and the remains of the larval tibial region form a
lobe extending over the ventral side of the developing adult
tarsus (Fig. 1C, arrow). In the mid W+2 leg, the larval regions
have decreased significantly and the folded part of the adult
tarsus has extended. By early W+3, the adult leg morphology is
apparent including two pairs of the tibial spurs (arrowheads).
Based on the morphological observations of the developing
wandering leg and the location of the surviving larval cells in the
adult leg, we concluded that the primordium in the larval
trochanter gives rise to the adult femur (and probably the
trochanter), the one in the larval femur to the adult tibia and the
distal dorsal femur, and the one in the larval tibia to the distal-
most part of the adult tibia and the adult tarsus (Fig. 1C; Tanaka
and Truman, 2005).
Expression of PD patterning genes during the larval leg
development
To determine the PD gene expression pattern that produces
the larval leg, we characterized their expression during
embryogenesis. Dll mRNA was expressed in the presumptive
leg bud (before the limb outgrowth was visible) as early as 12%
E (not shown). At 18% E, its expression domain covered most
of the growing limb bud except the most proximal part (Fig.
3A). By 24% E, this expression domain resolved into the “sock
and ring” pattern with the sock extending distally from the
femur–tibial boundary and the ring in the presumptive
trochanter region (not shown). This pattern persisted through
36% E and beyond (Fig. 3E). This observation is consistent with
Fig. 3. Expression patterns of the PD genes in the larval leg during early embryonic development. (A, E)Dll in situ hybridization showing expression at (A) 18% E. (E)
36% E. (B, F) dac in situ hybridization showing expression at (B) 18% E. (F) 36% E. (C, G) Bab immunoreactivity in confocal section at (C) 24% E. (G) 36% E. (D, H)
Exd immunoreactivity in confocal section at (D) 24% E. (H) 36% E. (I–K) Confocal section through a 36% E leg showing (I) dac in situ hybridization and (K) Bab
immunoreactivity. (J) Merge of the two channels showing the sharp boundary between dac and bab expression domains. The weak staining in the femur and tibia in
panel K is non-nuclear and an artifact from the combined procedure (compare with panel G). (L) Al expression in 24% E leg. Aweak expression is present in the tip of
the leg (arrowhead), while the body wall shows a strong expression (asterisk). (M) Diagram of embryonic leg development showing the appearance of constrictions
that mark the boundaries of the leg segments. % E, the percent of embryonic development. Cx, coxa; Fe, femur; Ti, tibia; Ta, tarsus.
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Manduca (Zheng and Booker, 1999).
At 24% E, nuclear Exd was detected in the body wall and the
presumptive coxa (Fig. 3D). By 36% E the distal limit of the
expression domain was found to be within the presumptive
trochanter (Fig. 3H). At this stage, the intensity of immunor-
eactivity in the trochanter was low compared to more proximal
regions (Fig. 3H). The expression patterns of both the nuclear Exd
and Dll in the embryonic leg inManduca are conserved patterns
seen in the adult legs of Drosophila and other insects (Fig. 2).
dac mRNA was first detected in the leg by 18% E in the
intermediate region of the limb bud (Fig. 3B). The expression
appeared to arise within the early Dll expression domain (Fig.3A). This intermediate expression was maintained through
36% E and localized to the femur and tibia and possibly the
trochanter (Fig. 3F). Unlike dac expression in other insects,
the expression domain did not extend into the proximal tarsus
(Fig. 2).
Bab expression appeared in the leg by 24% E as a single
band in the presumptive tarsus minus the distal-most part (Fig.
3C). This expression pattern was maintained through 36% E
(Fig. 3G). Since the distal border of the dac expression domain
and the proximal border of Bab expression domain were around
the tibia/tarsus border, we examined a possible overlap between
the two domains. Double-fluorescent staining of embryos at
24% E (not shown) and 36% E showed that the two domains
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expression pattern of Bab is reminiscent of the transient pattern
reported in the developing leg of Drosophila. In Drosophila,
Bab is initially expressed as a single band in the presumptive
tarsus and the proximal border of its expression domain abuts
the dac domain (Fig. 2A middle).
Al protein is required for claw development in insect legs
and expressed strongly in presumptive claws (Fig. 2). In Man-
duca embryo, the protein was only expressed weakly in the tip
of the leg at 24% E (Fig. 3L) and during subsequent stages.
There was a stronger signal at the lateral base of the leg (Fig.
3L), but this expression was also present in all body segments
(not shown).
Conserved adult pattern of PD gene expression is achieved
during pupal development
To investigate the molecular patterning of the adult leg, we
examined the expression patterns of four of the PD genes onW+
2 and W+3. These developmental stages were chosen because
morphogenesis of the pupal leg, which prefigures the morpho-
logical features of the adult leg, takes place during this period
(Fig. 1C).
Dll mRNA was detected by in situ hybridization on frozen
sections (Figs. 4A–C). In the W+2 leg, Dll expression was
observed in most of the leg, except in the coxa and a region
derived from the larval femur (Fig. 4A, region between the
arrowheads). On W+3, the Dll expression domain remained
similar (Figs. 4B, C) and, at this point, it was possible to assign
the expression domain to the adult segments. Dll was expressed
in the entire leg distal to the coxa except in the area around the
femur–tibia boundary (Fig. 4H).
The expression pattern of Exd in the developing pupal leg
also changed from the embryonic stage. In the W+2 leg, the
strongest nuclear Exd signal was still in the coxa and part of the
trochanter (Fig. 4F). However, now, the femur expressed weak
nuclear Exd except in the very distal end. The expression
domains of nuclear Exd and Dll at this stage are more
extensive than those in any other insects. Given that these two
genes were already expressed in the conserved patterns during
embryogenesis, it was surprising to see this change (see below
for explanation).
During W+2 and W+3, dac mRNA was still expressed in
the presumptive trochanter, femur and tibia (Figs. 4D, E). But at
this stage, the expression domain also included the proximal
tarsus (Figs. 4D, E). This is similar to dac expression domains
in the adult leg of other insects (Fig. 2).
In the developing pupal leg, Bab expression was observed in
most of the tarsus and in a new domain in the presumptive
trochanter (Fig. 5A and the inset). Expression was missing from
the tarsal tip and the proximal part of the presumptive Ta1 (Fig.
5A). Within the tarsal expression domain of Bab, four stripes of
more intense expression were observed in earlyW+2 around the
time when morphological segmentation of the tarsal segments
appeared (Fig. 5B). This pattern persisted to lateW+2 (Fig. 5C).
During the pupal stage (Fig. 5D), the location of the four stripes
could be confirmed as being in the future tarsal joints. Thisexpression pattern is comparable to the final expression pattern
in Drosophila (Figs. 2A, 5I).
Both the distal border of the dac expression domain (Fig.
4D) and the proximal border of the Bab expression domain (Fig.
5A) were located within the proximal tarsus during pupal
development. In the embryo, the two expression domains were
mutually exclusive. To determine if an area of overlap arose
between these two domains at metamorphosis, their expression
patterns were determined on alternate sections from single legs.
Immunocytochemistry with Bab antibody (Fig. 6A) and in situ
hybridization with dac (Fig. 6B) on W+2 legs showed that their
expression domains now overlapped in the proximal tarsus (Fig.
6C). The proximodistal position of the overlap corresponds to
the distal part of the first tarsal segment and possibly the
proximal part of the second tarsal segment. Again, this is similar
to the relative expression patterns of the two genes in the mature
Drosophila leg (Fig. 2A).
Al expression was only examined in the developing adult leg
during the pupal stage as the distal tip of the wandering leg was
too fragile to survive dissection. In contrast to the weak
expression at the tip of the leg in the embryo, Al was now
expressed at a high level in the dorsal side of the developing
adult claw (Fig. 7), an expression pattern similar to that observed
in the Drosophila leg imaginal disc (Fig. 2; Campbell et al.,
1993).
The adult primordia change their PD gene expression during
the last larval instar
The cells in the adult primordia change their segmental
identities during metamorphosis (Fig. 1C; Tanaka and Truman,
2005; Kim, 1959; Miles and Booker, 1993). Our observation of
PD gene expression patterns during the wandering stage
suggested that the gene expression might also change in these
cells. For example, both the larval and adult tibia express Dll
(Figs. 3E, 4A). However, the adult tibia is derived from a
primordium arising in the larval femur (Fig. 1C), which had not
previously expressed Dll (Fig. 3E). This implied that the
primordium in the larval femur turned on Dll expression de
novo during metamorphosis.
In order to confirm this observation, expression patterns of
Dll, dac and Bab were examined in the developing adult
primordia in the V+3 larva. At this stage, the primordia had
already formed prominent discs. Dll mRNA was expressed in
all three discs (in the trochanter, femur and tibia) (Figs. 8A–C,
I). However, its expression was missing from the proximal
region of the femoral disc, both on the dorsal and the ventral
side (Figs. 8A, C). Little to no expression was observed outside
the discs (Figs. 8A, B). dac mRNAwas also expressed in all of
the discs (Figs. 8D–F), but in the tibial disc, its expression was
restricted to the proximal half, corresponding to the proximal-
most part (ta1) of the pupal tarsus (Fig. 8F). Like Dll, the areas
outside the discs did not express dac. Strong Bab expression in
the disc was limited to the one forming in the tibia (Figs. 8G–
H). Specifically, its expression domain was restricted to the
distal part of the disc in a pattern that was opposite to that
seen for dac (compare Figs. 8F, H). Moderate Bab expression
Fig. 4. Expression patterns of Dll and dac mRNA and nuclear Exd during adult leg development. (A–C) Dll expression (frozen sections). (A) In the mid W+2 leg,
Dll is expressed in the whole leg except in the small area derived from the larval femur (between the arrowheads) and in the presumptive coxa (area proximal to the
trochanter). (B, C) Proximal region of the early W+3 leg to show the persistence of the Dll mRNA free areas on the ventral (B) and dorsal (C) side respectively.
(D, E) dac expression (frozen sections). (D) In the mid W+2 leg, dac is expressed from the trochanter/femur border to the proximal tarsus. Arrows, distal limit of
dac expression. (E) This pattern is maintained in the early W+3 leg. (F) Nuclear Exd in the mid W+2 leg. Strong nuclear expression is observed proximal to the
presumptive coxa/trochanter border (arrowheads). Weak signal is present in the femur (proximal to the arrows). (G) Propidium iodide counterstain of the leg in panel
F. (H) Schematic diagrams showing the expression patterns in the early W+3 leg. Asterisks in panels A, D, F and G point to the invaginating apodeme, which marks
the adult femur–tibia boundary. Dll and dac mRNA expression is missing from this structure. Ventral is to the left. Cx, coxa; Tr, trochanter; Fe, femur; Ti, tibia; Ta,
tarsus.
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of the last larval instar (not shown). In contrast to Dll and
dac, which was expressed exclusively in the discs, Bab was
also expressed at a significant level in the larval tarsus (not
shown). The expression of these genes in the forming discs
confirmed that cells in the primordia express new PD genes in
accordance with their future segmental positions in the adult
leg.Discussion
Molecular patterning of the larval and the adult legs
In this study we have characterized the expression patterns
of five PD genes that pattern the PD axis of the simple larval
leg and the more elaborate adult leg in Manduca. Our
hypothesis was that the adult patterning process is truncated
Fig. 6. dac and Bab domains overlap during the pupal leg development. (A) Fluorescent immunocytochemistry with Bab antibody on a frozen section from a mid
W+2 leg. Arrows, proximal border of Bab expression in the proximal tarsus. Asterisk, Bab expression domain in the trochanter. (B) dac in situ hybridization on
an alternate leg section. Arrows, distal border of dac expression. Lines show the same level along the PD axis. (C) Schematic representation of dac and Bab
expression patterns in the early W+3 leg. Red, dac; green, Bab. Yellow, areas of co-expression. Cx, coxa; Tr, trochanter; Fe, femur; Ti, tibia; Ta, tarsus.
Fig. 5. Bab expression during adult leg development. (A) A confocal optical section through a W+2 leg. Arrows point to the borders of Bab expression domain in the
tarsus. A new expression domain appears in the putative ventral trochanter (asterisk; inset). (B) Magnified view of early W+2 leg, showing the repeating variation in
the expression levels. (C) Tarsal segments in the late W+2 leg. The segment is more extended as compared to (A), and Bab shows rings of strong expression
(arrowheads). (D) Ta3 and Ta4 in the P+4 leg, showing the localization of expression to a future joint of the adult tarsus (arrowhead). Vertical rows of strongly labeled
nuclei belong to the scale precursor cells. (I) Schematic representation of Bab expression in the early W+3 leg. Cx, coxa; Tr, trochanter; Fe, femur; Ti, tibia; Ta, tarsus.
Scale bar=100 um.
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Fig. 7. Aristaless is expressed strongly in the developing adult claw. (A) Projection of a confocal Z-stack showing Al expression (green) in the pretarsal claw of a P+6
leg. Strong signal is detected dorsally. Ptc (pretarsal claw). (B) A single optical section of Al immunoreactivity from the stack showing the epidermal origin of the
signal. (C) Expression in panel B merged with the propidium iodide channel (red).
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expression pattern is used to make the larval leg. During
metamorphosis the patterning process resumes to generate the
mature expression pattern of the PD genes, which then gives
rise to the adult leg. Our results are consistent with this
hypothesis. We found that the expression pattern of the PD
genes that gave rise to the adult leg of Manduca (Fig. 9
bottom) was very similar to that seen during adult leg formation
in Drosophila (Fig. 2A; Kojima, 2004) and in crickets (Fig. 2B;
Inoue et al., 2002; Miyawaki et al., 2002; Erezyilmaz et al.,
2004), indicating that the PD gene expression patterns used to
make the adult legs are highly conserved across different groups
of insects.
Examination of the five PD genes during the larval leg
development in Manduca revealed that this simple leg was
produced by what appeared to be a truncated version of the
conserved adult expression pattern (Fig. 9 top). In this truncated
pattern, Exd, Dll and Dac were already expressed in an adult-
like pattern in the presumptive trochanter, femur and tibia (Fig.
9). However, the later events in the adult leg patterning, namely
the elaboration of the patterning in the tarsal regions, were
incomplete. Bab was expressed as a single band in the tarsus
while the dac expression domain did not extend into the tarsus
(Fig. 9 top) and did not overlap with that of Bab (Fig. 9 top).
During pupal leg development these larval patterns matured into
the conserved adult patterns (Fig. 9 bottom). The Bab
expression domain resolved into four stripes of strong
expression (corresponding to the putative tarsal joints) flanked
by areas of low expression. dac was now expressed in the
proximal tarsus and overlapped with the proximal part of Bab
expression domain. At this time, Bab expression retracted from
the proximal part of Ta1 and a new domain of expression
appeared in the trochanter.
In the Drosophila leg, the transition of Bab and Dac
expression patterns observed during Manduca metamorphosis
occurs during the mid to late last larval instar (Fig. 2A; Chu
et al., 2002). In the cricket, Acheta domestica, a similar change
in Bab expression was also observed, but in this case during
embryonic development (Fig. 2B; Erezyilmaz et al., 2004).Based on these data, we propose that the single-segmented
tarsus inManduca larva is the result of truncating the conserved
general patterning system of the adult leg. In most holometa-
bolous larvae that have legs, their tarsi are single-segmented as
seen in Manduca but then are subdivided into multiple
segments when they become adults. This strongly suggests
that this morphology evolved in the common ancestor of the
Holometabola by prematurely arresting the adult leg patterning
system during embryogenesis.
Although we found changes in expression patterns of the
PD genes that may be responsible for differences between the
larval and the adult tarsi, the patterning mechanism respon-
sible for the changes in the morphology of the tibia and femur
is not clear. Especially in the tibia, the expression patterns of
the two PD genes, Dll and dac, are identical between the two
stages (Fig. 9). Yet, the adult tibia develops elaborate
morphological specializations along the PD axis such as the
tibial spurs. Even in Drosophila, no additional PD gene is
known to be expressed in the tibia. Further investigation is
needed to elucidate the molecular patterning mechanism
responsible for elaboration of these segments along the PD
axis.
Changes in the regulation of the PD genes during
metamorphosis
During the last larval instar, the cells in the adult leg
primordia changed their PD gene expression according to their
future segmental positions (Fig. 8). Hence, Dll appeared de
novo in the disc in the larval femur, which gives rise to the
adult tibia. Similarly, Bab was expressed de novo in the disc in
the larval tibia, which gives rise to the adult tarsus (Figs. 8G–H).
Additionally, this disc also turned off dac in its distal side, which
gives rise to the distal part of the adult tarsus. In contrast, the disc
in the larval trochanter did not turn off Dll and Exd expression
during metamorphosis, which resulted in the pupal femur
expressing these genes in most of the segment (Figs. 4H, 9).
The observed modifications in the expression of the PD genes
suggest changes in the regulatory interactions among these
Fig. 8. Expression of Dll, dac and Bab in the forming leg discs of Manduca. (A–C) In situ hybridization showing Dll expression in the V+3 leg. (A) Dorsal view
showing that Dll is detected in all the discs, but the expression is missing from the proximal half of the dorsal femoral discs (arrow). The disc in the trochanter is not
visible in this image. (B) Ventral V+3 leg showing expression in the forming discs in the trochanter (arrowhead), the femur (arrow) and the tibia (asterisk). (C)
Magnified view of the ventral femoral disc showing that Dll is not expressed on the proximal side (bracket). (D–F) In situ hybridization showing dac expression
at V+3. (D) Dorsal view showing expression in all the discs including the one in the trochanter (arrowhead). (E) Magnified view of the disc in the trochanter to
show dac expression (arrowhead). (F) Magnified view of the tibial disc (marked area in panel D). dac expression is strong on the proximal side (arrowhead), but
lacking from the distal side (arrow). (G, H) Confocal sections showing Bab expression. (G) Bab is strongly expressed in the forming disc in the tibia. Arrow,
proximal limit of Bab expression in the disc. (H) Magnified view of the tibial disc (marked area in panel G). Within the disc, strong Bab expression is confined
to the distal region (arrow) and only weak or no immunoreactivity is present in the proximal part (outer folds; arrowhead). (I) Diagram showing the location of
the growing discs (gray areas) in the larval leg. Boxes show the locations of some panels in the leg. Fe, femur; Ti, tibia; Ta, tarsus.
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in the relative expression patterns of dac and Bab. The
expression domains of these two genes during larval leg
development were mutually exclusive and indicated an
antagonistic relationship. Consistent with this suggestion, in
Drosophila, ectopic dac can suppress bab expression in the
tarsus and loss of dac results in derepression of bab (Chu et al.,
2002). During metamorphosis of theManduca leg, however, the
two domains overlapped, suggesting a modification in the
mutual regulation of the two genes. InDrosophila, an equivalent
overlap between dac and Bab occurs at a later stage and this
overlap is required for the modulation of Bab expression intofour stripes (Chu et al., 2002). The overlap of the expression
domains of the two genes in Manduca may also play a role in
modulation of Bab expression in the prepupal leg.
Relationship between the larval and adult leg segments
Our previous analysis showed that the cells in the adult
primordia shift their identities to those of more distal segments
in the adult leg. Thus, except for the coxa and the trochanter, the
corresponding segments between the larval and adult legs are
not made up of the same epidermal cells and their descendants
(Fig. 1C; Tanaka and Truman, 2005). In contrast, in terms of the
Fig. 9. Molecular patterning of the PD axis of the larval and adult legs in
Manduca. The PD gene expression pattern at the end of the larval leg
development is reminiscent of the Drosophila in the early 3rd instar (top). We
propose that this premature pattern is used to pattern the PD axial pattern of the
larval leg. During metamorphosis the patterning process is resumed to produce
the mature pattern similar to those in the adult legs of the fly and the crickets.
bab and al gene expression patterns are based on the expression patterns of
their protein products. For detail, see text. Cx, coxa; Tr, trochanter; Fe, femur; Ti,
tibia; Ta, tarsus; Cl, ptretarsal claw.
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corresponding segments share more in common. Both the
adult and the larval tibia and, probably, trochanters were
defined by exactly the same combination of PD genes (Fig. 9).
In case of the adult femur and tarsus, they were also defined by
the same PD genes as in the larva, but had an additional PD
gene expressed in the proximal regions (Fig. 9). Thus, it
appears that, while the corresponding segments in the two legs
do not have to derive from the same cells, their molecular
identities defined by the PD genes have to be similar across the
two stages.
One possible reason for the maintenance of the similar PD
gene expression is the placement of the segment boundaries in
the adult leg. In Drosophila leg imaginal disc, the joint
patterning genes such as Notch, delta and Serrate are thought
to possess distinct enhancers for their expression in each
segment, whose activity is regulated by different combinations
of the PD genes (Rauskolb, 2001). If the same set of enhancers
were used for positioning the joints in both the larval and the
adult leg, then having the similar PD expression in each of the
larval and the adult segments would be essential for proper joint
development.
Decoupling of cellular and molecular identities of leg
segments in Manduca has probably evolved because of the
complex mode of leg development involving the adult
primordia (Svácha, 1992; Truman and Riddiford, 2002). In a
member of more basal group such as the beetle Tenebrio
molitor, the larval leg does not appear to possess a discrete set ofcells similar to the adult primordia (Huet and Lenoir-
Rousseaux, 1976). Rather, all the epidermal cells of the larval
leg appear to contribute to the adult leg and the segmental
boundaries appear to be maintained through metamorphosis. In
this case, one may observe both the cellular and molecular
continuities between the larval and the adult leg segments.
Examination of the PD gene expression patterns during the
larval and adult leg development in additional holometabolous
orders should provide better understanding of the molecular
patterning mechanism underlying the evolution of the larval
form in insects.
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